The stnrcture of Ge epita,xial overlayers on Si(001) (Ger/Si(001), n<6) has been studied by insitr surface-sensitive XAFS (X-ray Absorption Fine Stnrcture) technique after the growth by molecular beam epitaxy (MBE). For lML Ge on Si(001), a rather elongated dimer stnrcture with the dimer distance of 2.51A fas been observed in contrast with a Si dimer with a dimer distance of 2.25A, which indicates the dimer bond is essentially through the p-orbital overlapping. The results also show that the second-layer atoms are under the compressive strain because of the surface dimers and uniaxial mismatch strain. For 2ML Ge, we find that -UzlvIL of the second-layer Ge atoms exchanged ttreir sites with the adjacent Si atoms under the tensile snain relaxing the strains in the second layer, which is interpreted as the first evidence for the presenqd;of the Ge/Si interchange induced by site-selective suains.
INTRODUCTION
The role of heterointerface in strained-layer superlattices (SLS's) with a very short period attracts much attention in understanding their unique optical properties which are not explained by a simple zone folding scheme and a simple SLS structure. For example, the stnong optical nansition (0.75eV) observed for Ge4Si4 SLSI) has been interpreted as an indirect transition by most of previous band calculations2- 4) based on the ordered SLS and the interface structures, however, the calculated oscillator strengths are weaker than the observed intensity by orders of magnitude. A possible superlattice stnrcture with a relaxed bulk-like Ge-Ge distance predicts a direct transitionS) but its stnrctural basis has been ruled out by a recent structural study6). More recently, the strong photolumine$cence lieht emission at low temDerature has been observed for c-easi67) and GesSisS) The Ge K-EXAFS spectra for Ge on Si(001) have been obtained by detecting fluorescenoe using aTIpole wiggler magnet radiation at the Photon Factory.
Surface-sensitivity in the order of ^O.IML has been achieved by a grazing incidence and a total reflection geometry. Below the critical angle, X-rays are totally refracted as they cross the interface between the two media reducing the extinction length by several orders of magnitude drastically enhancing the surface sensitivity.
We have shown in a preuious paperlO) that a combination of grazing incidence geometry and an energy analysis of fluorescence X-ray signal using a solid state detector can achieve the surface-sensitivity in the order of lML. In this work, we have used intense X-rays obtained by a multipole wiggler and a LJHVcompatible 7-element Si(Li) detector. As a result, a surface sensitivity of less than 0.1ML was obtained while the effeciency of measur€ment was improved by more than two orders of magnitude, allowing us to appy this technique to in-situ studies of epitaxial layers ?468t01214t6t8
Second, as shown in Fig. 2 Figure 3 indicates the variation of the average Ge-Ge and Ge-Si distances as a function of Ge layer number n. In the lower column, the total energy per added Ge calculated by Tersoffl4) is also shown for comparison. We find that for n=2, the Ge-Ge distance slightly decreages while the Ge-Si distance sharrply increases to 2.424, where the total energy is expected to rise sharply depending on the surface strain. As shown in Fig. 3 , the change at on single crystal substratesll). Figure I shows the Ge K-EXAFS oscillations for the Ge overlayers on Si(001) normalized from the fluorescence yield spectra as a function photoelectron wavenumber k. The backscattering amplitude lfi(n,k)l for Si peaks at low k and falls off sharply with the increase of k while lfi(n,k)l for Ge has a maximum at k=6-7A-1 and extends to b15A-1. The k-dependence of EXAFS oscillations indicates ttrat the relative ratio of the Ge-Ge pair to the Ge-Si pair increases with the increase of Ge layer number n. The number of Ge-Ge and Ge-Si pairs as well as bond lengths wel€ determined by a least-squares curve fit for various structure models taking ino fact the polarization factor.
RESULTS AND DISCUSSION
The Fig. 4(b) 
